A homolog of the multiple-stress-responsive transcription factor B of Bacillus subtilis was predicted from the DNA sequence analysis of a region of the Staphylococcus aureus chromosome. A hybrid between the coding sequence of the first 11 amino acids of the gene 10 leader peptide of phage T7 (T7.Tag) and the putative sigB gene of S. aureus was constructed and cloned into Escherichia coli BL21(DE3)pLysS for overexpression from a T7 promoter. A homogeneous preparation of the overproduced protein was obtained by affinity chromatography with a T7.Tag monoclonal antibody coupled to agarose. The amino-terminal amino acid sequence of the first 22 residues of the purified protein matched that deduced from the nucleotide sequence. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the purified protein, designated SB , indicated that it migrated as an approximately 39-kDa polypeptide. Promoter-specific transcription from the B. subtilis B -dependent P B promoter of the sigB operon was stimulated by SB in a concentration-dependent fashion when reconstituted with the S. aureus core RNA polymerase (RNAP). Specific transcript from the predicted B -dependent P B promoter of the sigB operon of S. aureus was obtained by the reconstituted RNAP in a runoff transcription reaction. The sar operon of S. aureus contains three promoter elements (P1, P2, and P3) and is known to partly control the synthesis of a number of extracellular toxins and several cell wall proteins. Our in vitro studies revealed that transcription from the P1 promoter is dependent on the primary factor SA , while that of the P3 promoter is dependent on SB . As determined by primer extension studies, the 5 end of the SB -initiated mRNA synthesized in vitro from the sar P3 promoter is in agreement with the 5 end of the cellular RNA.
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In prokaryotes, several factors coexist in cells (19, 22, 24) . The transcription factors evolutionarily related to Escherichia coli 70 are subdivided into two groups (15) . The primary factor is required for the expression of housekeeping genes whose products are essential for exponential cell growth. The level or the activity of the second group, comprising the alternate factors, has been shown to be modulated in response to environmental and metabolic stresses. The core RNA polymerase (RNAP) associated with a particular factor initiates transcription from a specific set of promoters with conserved sequence motifs. B , identified in sporulating Bacillus subtilis, is the first member of the alternate factors to be reported in prokaryotes (20, 21) . Much has been learnt recently about the regulation of expression of the sigB operon and the modulation of the function of the SigB ( B ) protein in response to changing stress (entry into stationary growth phase, nutrient depletion, and presence of uncouplers of oxidative phosphorylation) and environmental stress (heat shock and osmotic shock) in B. subtilis (2, 6, 8, 22, 36, 37, 41) .
The emergence of multiple-drug-resistant, highly pathogenic strains of Staphylococcus aureus poses a serious threat for human and animal health management of infected subjects. S. aureus causes a number of infections ranging from superficial skin abscesses to life-threatening systemic diseases (e.g., toxic shock syndrome and osteomyelitis) (17, 25, 38) . The synthesis of a variety of extracellular and cell surface proteins involved in the pathogenesis of S. aureus has been shown to be controlled by at least two global regulatory elements, agr and sar (4, 5, 12, 13, 23, 26, 27, 29, 32, 34) . The agr system is the best characterized of these elements and responds to environmental stimuli, thereby resulting in the elevated synthesis of extracellular toxins with a concomitant decrease of the synthesis of surface proteins. Recently, the sar locus has been shown to partly control the expression of the agr locus (5, 9) . Three promoter elements (P1, P2, and P3) were defined in the sar locus. P1 and P2 promoter sequence motifs are similar to those of the 70 -dependent promoters, while the sequence motif of the P3 promoter is closely related to that of the B. subtilis B -dependent promoters (Fig. 1) . Interestingly, the pathogenicity of S. aureus strains lacking either agr or sar is reduced significantly, and those strains that lack both the agr and the sar loci are almost completely attenuated (1, 10, 39) .
In this paper, we report the purification of the S. aureus SigB protein, designated SB , and promoter-specific transcription by the core RNAP reconstituted with SB . Transcriptional analysis of the sar operon by the core RNAP reconstituted with SB provides the first clue as to how the biosynthesis of some of the toxins can be modulated in response to various physiological and environmental stress conditions.
MATERIALS AND METHODS
Strains and plasmids. S. aureus RN6390B (26) was used to amplify the sigB gene from the chromosome. E. coli BL21(DE3)pLysS and the vector pET24a(ϩ), used for cloning and overproduction of the sigB gene, were from Novagen, Inc., Madison, Wis. Plasmid pV312 containing the promoter P B of the sigB operon of B. subtilis (6) Preparation of genomic DNA from S. aureus. The chromosomal DNA was prepared from protoplasts by the protocol described previously (3) .
Construction of the plasmid pRD302 for overproduction of SB . The upstream and downstream primers designed to amplify the sigB gene of S. aureus were based on the published DNA sequence of the sigB gene (40) . The oligonucleotide primers used for the amplification are PsigB1 (5Ј-GGAATTCCATATGGCG AAAGAGTCGAAATC-3Ј) and PsigB2 (5Ј-CCCAAGCTTCGCGACATTTA TGTGGATACAC-3Ј). Amplification by these primers generates EcoRI and HindIII sites at the termini of the amplified DNA. A DNA fragment corresponding to the entire sigB gene of S. aureus was generated by PCR with the chromosomal DNA from S. aureus RN6390B as template. Amplification was carried out with both Taq (Life Technologies, Inc.) and recombinant Pfu (Stratagene, La Jolla, Calif.) DNA polymerases in a ratio of 5:2 U. Reaction conditions were as follows: melting temperature, 96°C (2 min); annealing temperature, 37°C (2 min); and elongation temperature, 72°C (1 min). The amplified product was isolated from an agarose gel, digested with EcoRI and HindIII, and cloned into the EcoRI and HindIII sites of pET-24a(ϩ), resulting in the plasmid pRD302. The primers were designed so that when the amplified DNA was cloned, it created a fusion between the coding sequence of the 11 amino acids of the NH 2 terminus of the gene 10 leader peptide of phage T7 (T7.Tag) and sigB.
Purification of S. aureus RNAP and the primary sigma factor SA . The RNAP enzyme and the SA protein were purified as previously described (14) . Immunoaffinity purification of SB . E. coli BL21(DE3)pLysS cells containing the plasmid pRD302 were grown in 2ϫ TYG (16 g of Bacto Tryptone per liter, 10 g of yeast extract per liter, 5 g of NaCl per liter, 0.4% glucose) in the presence of 20 g of chloramphenicol per ml-30 g of kanamycin per ml at 37°C. Cells were grown to an A 600 of 0.6 and induced by isopropylthiogalactopyranoside (IPTG) for 2 h. The T7.Tag antibody purification kit from Novagen, Inc., was used, and the purification was performed following the manufacturer's instructions with some modifications. One milliliter of the fractions was collected in 1.5-ml microcentrifuge tubes containing 0.15 ml of neutralization buffer, 0.15 ml of glycerol, and 0.015 ml of 50 mM dithiothreitol (DTT). Fractions containing the overproduced protein were identified by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis analysis, pooled, and concentrated by dialysis against storage buffer (20 mM Tris-HCl [pH 7.9], 10 mM MgCl 2 , 1 mm EDTA, 0.1 mM DTT, 1 mM phenylmethylsulfonylfluoride, 50% glycerol). The sample was stored in aliquots at Ϫ20°C.
Amino acid sequencing. The NH 2 -terminal amino acid sequencing of the overproduced protein was performed as described previously (14) at the protein sequencing facility, the Research Resources Center of the University of Illinois at Chicago, with a 477A N-terminal protein sequencer (Applied Biosystems).
In vitro transcription assay. A 207-bp PstI-EcoRI fragment was isolated from pV312, purified by electroelution from a 10% polyacrylamide gel, and used as a template for assay of transcription from the B. subtilis P B promoter of the sigB operon. The calculated size of the transcript should be 36 nucleotides (6, 37) . A 99-bp synthetic DNA fragment corresponding to the P B promoter region of the sigB operon of S. aureus was used as a template. There are 42 nucleotides downstream of the Ϫ10 element.
The purified RNAP enzyme from S. aureus with or without SA Primer extension reaction. RNA used for mapping the 5Ј end was prepared as described above but with 10-fold the amount of template, RNAP, and SB in the absence of heparin. For primer extension reactions, an end-labeled synthetic oligonucleotide primer corresponding to the sar P3 promoter was used (5), and the results were analyzed as described previously (14) .
RESULTS AND DISCUSSION.
Purification of the SB protein of S. aureus. To demonstrate whether the putative sigB gene of S. aureus (28, 40) indeed encodes an alternative factor, we purified a T7.Tag-SigB hybrid protein to homogeneity, as described in Materials and Methods, with the anti-T7.Tag antibody affinity column. The purified protein migrated at a mobility corresponding to Ϸ39 kDa (Fig. 2, lane 5) . It was present predominantly in the soluble fraction of the cell extract. The sequence of an internal stretch of five amino acids of the overproduced protein matched the sequence of the first five amino acids encoded by the sigB genes of S. aureus, confirming the correct identity of the overproduced protein. Both the sigB genes of B. subtilis and S. aureus encode proteins with a calculated molecular mass of Ϸ30 kDa (7, 16, 40) . The factors usually migrate abnormally on SDS-polyacrylamide gels because of highly positive and negative charge clusters (18, 35) . SigB of B. subtilis migrates as a protein of 37 kDa on an SDS-polyacrylamide gel (21) . Although the predicted molecular masses of SigB proteins from S. aureus and B. subtilis are very close, the differences in mobility of the two proteins can be explained by the presence of additional amino acids at the NH 2 terminus arising from the fusion in the overproduced protein of S. aureus.
Promoter-specific transcription by SB . To determine whether the overproduced protein acts as a factor, we reconstituted the S. aureus RNAP holoenzyme by adding the overproduced protein to the purified core RNAP from S. aureus and assayed for transcription in vitro. For transcriptional analyses, we have utilized the B -dependent P B promoter of the sigB operons from B. subtilis and the homologous promoter of S. aureus. The overproduced protein conferred on the purified RNAP the ability to initiate promoter-specific transcription from both the B. subtilis and S. aureus P B promoters (Fig.  3, lanes 2 and 4 to 7) . Transcription from the B. subtilis and S. aureus P B promoters resulted in transcripts of Ϸ38 and 32 nucleotides, respectively, which are in close agreement with the ones expected. The marker used here is DNA, not RNA, and the exact size of the transcripts could not be ascertained. It is also apparent that SB stimulated the activity of the core RNAP in a concentration-dependent fashion (Fig. 3, lanes 4 to  7) . Transcription from both the promoters was specifically dependent on the overproduced protein, since the RNAP enzyme containing SA , the primary sigma factor, failed to transcribe from either of the two promoters tested (Fig. 3, lanes 1 and 3) . Based on the above results and in keeping with our previous designation of the primary sigma factor of S. aureus (14) , we designate the overproduced protein SB (S. aureus-derived B protein). SB transcribes from the sar P3 promoter of S. aureus. Based on sequence analyses, the sar P1 promoter belongs to the 70 -dependent family of promoters and the sar P3 promoter belongs to the family of B -dependent promoters of B. subtilis (Fig. 1) . Having confirmed that the SB protein acts as a factor, we wanted to determine whether the sar P3 promoter is recognized by the SB protein.
In vitro transcription run-on experiments were performed with the plasmid pALC561 as the template, which contains all three sar promoters. The transcription start sites of each of these promoters have been mapped previously (5) . We have used the purified core RNAP reconstituted with either SA (E SA ) or SB (E SB ). Only E SB initiated transcription from the sar P3 promoter and produced a transcript of the expected size, Ϸ860 nucleotides (Fig. 4, lanes 8 to 11) . Similarly, E SA specifically transcribed from the sar P1 promoter and produced a transcript of the expected size, Ϸ580 nucleotides (Fig. 4, lanes 3 to  6) .
To achieve comparable levels of transcripts from the sar P1 and P3 promoters, almost an 8-to 12-fold molar excess of SA compared to SB was required (Fig. 4) . We do not know whether it is due to a difference in strength of the two promoters, the difference in functional activity of the two factor preparations, or a combination of both the possibilities. It is plausible that SB , which was purified from the soluble fraction of the cell extract in one step, was functionally more active compared to SA , which was extracted from inclusion bodies (pellet fraction) under denaturing conditions, renatured, and purified in multiple steps (14) . We did not detect any transcript from the sar P2 promoter in assays with either E SA or E SB , although mRNA was synthesized from the P2 promoter in vivo, albeit at a much lower level compared to the mRNAs synthesized from the P1 and P3 promoters at different phases of growth (5) . There are three explanations for our results. Neither SA nor SB recognizes the P2 promoter, some other unknown activator(s) is (are) required for transcription from this promoter, and the promoter is very weak and transcriptional activity from this promoter is beyond the limit of detection in our assay.
In order to determine whether SB initiated transcription in vitro from the same site as has been reported in vivo, we mapped the 5Ј end of the in vitro-synthesized mRNA from the sar P3 promoter. Primer extension analyses revealed that the transcription start site corresponded to an adenosine nucleotide which is the same as has been observed with the in vivosynthesized mRNA (Fig. 5 ) (5). This result confirmed that the SB protein directed the S. aureus RNAP to initiate promoterspecific transcription in vitro.
The primary focus on the regulation of toxin gene expression in S. aureus has been on the agr operon containing three promoters (P1, P2, and a divergently oriented promoter, P3) (30, 31, 33) . The levels of the majority of the extracellular toxins are significantly elevated during the postexponential phase. Interestingly, the sar P3 transcript is synthesized primarily during transition from exponential phase to a stationary phase of growth. Recently, it has been observed that the sar locus down-regulates the expression of protein A by both agrdependent and agr-independent pathways (11). The sar P3 transcript could be translated into SarA and a 39-amino-acid polypeptide encoded by the DNA between the sar P3 and sar P1 promoters (5) . These proteins and/or RNAIII, the transcript from the agr P3 promoter, might modulate the toxin gene expression in an unknown manner. Now that we have developed efficient in vitro transcription assays using the primary and the alternate factors, systematic biochemical studies can be performed to address these questions.
